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Abstract: We report a ferroelectric liquid crystal (FLC) compound lens based on the Pancharatnam-—
Berry (PB) phase. The phase of the FLC compound lens is an integration of polarization grating and
a PB lens. Thus, when light passes through an FLC compound lens, the output light’s polarization
handedness will be changed accordingly. In this case, FLC compound lenses can function as con-
cave/convex lenses with spatially separated output light and rapid transmittance tunability. The FLC
compound lenses were fabricated using a single-step holographic exposure system, based on a spatial
light modulator working as numerous phase retarders. Photosensitive azo-dye material was used
as the aligning layer. The output light transmittance of the FLC compound lens can be operated at
150 ps. Our results achieve the potential applications on various displays and augmented reality.

Keywords: ferroelectric liquid crystals; Pancharatnam—Berry phase; compound lens

1. Introduction

The lens, as one of the most important optical elements, is widely used in our daily
life for optical usages, such as the eyeglass, camera objective, microscope and telescope [1].
Compared with conventional refractive lenses, liquid crystal (LC) lenses show good poten-
tial, with the features of controllable birefringence and refractive indices, as well as high
integration and compact size. In recent years, Pancharatnam-Berry (PB) phase devices
have been regarded as the fourth generation of optical elements in the optical science
and engineering community, where the circular polarization-dependent devices are well
utilized, including the capacity of optical communication systems [2,3], and virtual and
augmented reality displays [4-7]. The PB phase devices fabricated with liquid crystals (LCs)
are potential candidates because of their inherent photoelectric properties, large optical
birefringence and controllable continuous orientation [8,9]. Several well-known optical
elements use the PB phase, including the PB lens [10,11], polarization grating (PG) [12] and
the g-plate [13]. They are widely used for the shaping of various wavefronts, such as a
helical wavefront for vortex beams [9] and vector beams [14], as well as laser beam shap-
ing [15]. With the help of LC photoalignment technology [16,17], it is becoming possible
to realize complex micro-sized LC structures. Ferroelectric liquid crystals (FLCs) utilizing
photo-alignment technology [16,18-20] represent a promising way to produce LC PB de-
vices with a microsecond response [21], which is at least two orders of magnitude higher
than common nematic liquid crystals. Several mask-free photopatterning systems have
been developed. A DMD (digital mirror device) [21-24] and direct laser writing [25-27]
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were reported, but failed to provide single-step exposure. Recently, a single-step exposure
system was used to fabricate PB gratings and g-plates based on a spatial light modulator
(SLM) [28]. A fast-switching PB lens fabricated with ferroelectric liquid crystals (FLCs),
based on an SLM exposure system, was also realized [21].

For the general LC PB lens, bifocal property has been realized according to the dif-
ferent handedness of the incident circularly polarized light [29]. In this paper, we have
demonstrated an FLC compound lens, and deformed helix FLCs (DHFLCs) were selected
because they can offer a fast response, continuously changing light transmittance [30] and
a defect-free structure. Different from the conventional FLC PB lens, the proposed FLC
compound lens can switch between two spatially separated focuses, manipulating light
by the generation and modulation of the PB phase [31,32], with the fast response property
of FLCs. With these special optical properties, the lens shows good potential to be used
in many modern applications, such as polarizing imaging [33,34], micro particle manip-
ulation [35] and multifocal cameras that can control the focus of the generated beams or
the positions of the generated light paths [36]. The diffraction efficiency of FLC compound
lenses can be rapidly changed with a switching-on time of 150 us at 4 V/um. The output
light passing through an FLC lens shows precise, spatial separation with different focuses,
which are in good agreement with the theoretical results. Light beam separation angles
and focuses can be designed based on different applications.

2. Materials and Methods
2.1. Materials

With the help of the realization of the photoalignment method, a complex FLC aligning
structure became possible. A polarization photosensitive alignment sulphonic azo-dye
(SD1) was chosen as the aligning material for its flexible anchoring energy, lack of mechani-
cal damage and minimized unwanted electronic charges. Under exposure from a polarized
light source with a UV-to-blue spectrum, the SD1 molecule tends to orient perpendicularly
to the polarization of the incident light. Its working principle and molecular structure are
shown in Figure 1a,b. The blue cylindrical objects at the bottom represent liquid crystal
molecules, whereas the yellow arrows above represent the polarization state of light, and
the molecular orientations in different color regions can be different when polarizations of
incident light are region dependent.
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Figure 1. (a) SD1 with (b) its formula, providing the alignment direction perpendicular to the
exposure polarization of the incident light. (c) Structure of a DHFLC cell and the rotating directions
of the FLC molecules with external electric field. (d) Birefringence mechanism of DHFLC.

In this work, DHFLCs [37] were selected because they can offer a fast response and
continuously changing light transmittance [21,30,38]. In particular, DHFLC 587 (from P.N.
Lebedev Physical Institute of Russian Academy of Sciences, Moscow, Russia) was selected
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for its high transmission in the visible spectrum. The phase transition sequence of this
LC when heated up from the solid crystalline phase is Cr—12 °C — SmC* — 110 °C —
SmA* — 127 °C — Is, while cooling from smectic C* phase crystallization occurs around
—10-15 °C. The spontaneous polarization Ps and the tilt angle 6 at room temperature
are 150 nC/cm? and 36.5°, respectively. n. and 7, are 1.67 and 1.57 measured at room
temperature. Two optically flat indium tin oxide-coated glass plates were used for preparing
a sandwich-type sample holder. SD1 was coated by a spin coater at 3000 r/min for 30 s.
Spacers were used to form the sandwich-like structure. The designed pattern was exposed
on the cell using an exposure system, which will be illustrated in the following section.
FLC was then filled into the cell when the cell was heating up to its isotropic temperature.
The cell thickness was 3 um, calculated in order to satisfy the half wave condition using
And = A/2, where An represents the birefringence and A = 633 nm. In the schematic of a
typical DHFLC cell shown in the upper picture of Figure 1c, when there is no electric field,
a helix exists with helix pitch denoted as Py and one important requirement for DHF effect
existence is d > Py. When there is an external electric field to DHFLC molecules, the fast
axis changes in accordance with the absolute value of the electric field. The principle of
birefringence of a DHFLC is shown in Figure 1d. The long axis of the index ellipsoid is
along the z-axis in the absence of an electric field. The refractive index ellipsoid rotates in
the plane perpendicular to the electric field, and its long axis is offset relative to the z-axis
when the electric field exists. When the polarity of the electric field is positive, the DHFLC
molecules are aligned along the cone surface to the right, and the refractive index ellipsoid
rotates to the right. The DHFLC molecules and the refractive index ellipsoid rotate to the
other side when the polarity of the electric field is opposite. The birefringence is described
by the following equation:

2,2
nin
[

an(E) = |{ )= M

n3 + (nﬁ — ni)SiHZGSiHZQ(E)

where n and n | can be considered as n, and n, without the electric field. ny, ny and the
azimuth angle ¢ change in the presence of the electric field. Transmittance can then be
calculated based on the parameters of the certain FLC material [39].

2.2. Fabrication Method

The exposure system based on SLM is depicted in Figure 2a, which consists of a
450 nm laser, two optical lenses (Lensl and Lens2), a half-wave plate (HWP), a right-
angle prism, an SLM and a quarter-wave plate (QWP). Its working principal is to use an
SLM as several light beam retarders to generate regional, polarized output light, which is
described in detail in our previous work [39]. The polarizations of output light from the
SLM can be precisely controlled by the electric field loaded through computer-designed
grayscale images. The final polarized output light can be exposed on the SD1-coated liquid
crystal cells.

2.3. Theory

Both the PB lens and the liquid crystal PGs are PB phase liquid crystal devices. Their
phases are described by @1 and ¢2, respectively, as follows:

<P1=2;(\/x2+y2+f2—f) )

2mx
P2 =—— ®)
where A is the wavelength of the incident light, f is the focus length of the lens, A is
the period of the polarization grating, and x and y are the coordinates of the wavefront.
Through @1 and ¢2, we can observe that the lens can diverge or converge the light and the
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polarization grating can change the direction of the light. By superimposing ¢1 and ¢2,
it is possible to realize the integration of the two functions. The phase of the integrated
device is expressed as ¢ in the following:

o= (ferpapop)+ B2 @
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Figure 2. (a) Experimental setup of the single-step holographic exposure system used for a photo-
sensitive azo-dye material SD1. (b) Simulation result of grayscale image loaded onto the SLM.

The integrated device works under half-wave conditions, so a phase delay of 7 will be
achieved. The right-handed circularly polarized and the left-handed polarized light can be
represented by Jr and i, respectively, in the following:

JRZJE[}] 5)

171
=— . 6
=5 ©
When passing through the compound lens, the polarization and phase will be changed
as follows:

cos® —sind 1 0 ][ cos® sind e

[ sinf  coso ] [ 0 e /7 } | —sind cosh }IR =Jre @)
cosf —sinf 1 0 cos®  sinf )

[ sinf  cosf } { 0 e 7 } { —sin® cosH ]]L = Jre ®)

where 6 is the angle between the long axis of liquid crystal and the x-axis. According to the
existing literature, ¢ = 260.

With phase ¢, we can simulate the transmission process of light; Azimuthal angle 6 is
used as the aligning angle for the designed compound lenses. By the relationship between
output light polarizations and the gray values that we loaded onto the SLM, a grayscale
image can be generated to realize the designed output light polarization distributions for
aligning LC molecule directions. The grayscale image is shown in Figure 2b.

For a DHFLC cell operated in the low-electric-field regime, which means under the
helix unwinding electric field (~4 V/um), the in-plane refractive indices induced by the elec-
tric field are dominated by the Kerr-like nonlinear terms, represented as 1.(E) = 1, + kE?,
1o(E) = no + kyE2, where n, (1) is the zero-field refractive index of extraordinary (ordinary)
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waves, and the electrooptic coupling coefficients k; and k, depend on the smectic tilt an-
gle 8, the spontaneous ferroelectric polarization Ps and the dielectric susceptibility of the
Goldstone mode xr. The parameters can be estimated as follows: n, ~ 1.67, n, ~ 1.57,
ki =~ 6.03 x 1073 um?/V?2, k) ~ —4.12 x 1073 um?/V? [40]. Figure 3 shows the simulation
of refractive index and birefringence with the changing electric field. The birefringence can
vary between 0.1 and 0.26 under an electric field of 0 to 4 V/um.
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Figure 3. (a) Refractive index and (b) birefringence with applied electric field.

When left circularly polarized light passes through the compound lens, complex
amplitude can be represented as follows:

r r
E=Ey+Ey =cosJi —isin Jre 20 )

where I' = 2nAn(E)d/A. Then efficiency of the compound lens can be calculated as
7 = Py/(Py + P3), where P; and P, are power of E; and E;. From the simulation result
in Figure 4, when cell thickness d satisfies the half-wave condition around 3.165 um, the
theoretical efficiency can reach its maximum of 100%. However, it is not easy to fabricate
this precise cell thickness as this will decrease the efficiency. As we apply an electric field of
0.75 V/um, we can obtain 100% efficiency with a fast response by the DHFLC material.

1

o
©

Efficiency

Figure 4. Simulation results of DHFLC compound lens efficiency with applied electric field.
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3. Results and Discussion

For DHFLC 587, the switching time can be calculated using the following equation:

_Te
T= Kq% (10)
where rotational viscosity 7, = 0.2 Pa-s and the helix pitch Py = 0.18 um at 22 °C. The
theoretical switching time is around 160 ps. In our previous work, switching time was
experimentally measured at 150 ps [21].

In the simulation, we set the focal length of the lens to 50 cm and the period of the
grating to 42 um. When the incident light is right-handed circularly polarized light, the
output light is left-handed circularly polarized with phase ¢, and the simulation results are
shown in Figure 5. The light field and corresponding intensity distribution were captured
at0cm, 10 cm, 20 cm, 30 cm, 40 cm and 50 cm behind the lens. It can be observed that as the
propagation distance increases, the spot diameter increases and the light intensity decreases,
showing a Gaussian distribution, so the light is divergent. At the same time, the light is
diffracted to the +1st order. When the incident light is left-handed circularly polarized
light, the output light is right-handed circularly polarized with phase —¢. The simulation
results are depicted in Figure 6. We obtain the light field and intensity distribution at
0 cm, 10 cm, 20 cm, 30 cm, 40 cm, 60 cm and 70 cm behind the lens. As the propagation
distance increases, the diameter of the light spot becomes smaller first and then larger,
and the intensity becomes larger first and then smaller. When the distance is less than the
focus length of 50 cm, the spot diameter decreases and the intensity increases gradually.
When the distance is greater than the focus length of 50 cm, the spot diameter increases
and the intensity decreases gradually. The case of the distance of 50 cm is not given here,
because, at this position, the light field becomes an ideal point with a diameter of zero and
the intensity is infinite. In this case, the light is convergent and diffracted to —1st order.
In summary, the integrated device has both the function of a lens and polarization grating.
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Figure 5. Simulation results of the light field and corresponding intensity distribution captured
at different positions away from the compound FLC lens with right-handed circularly polarized
input light.
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Figure 6. Simulation results of the light field and corresponding intensity distribution captured
at different positions away from the compound FLC lens with left-handed circularly polarized
input light.

In the experiment, we used FLC587 to fabricate the compound PB lens, and the cell gap
was maintained at 3 um to meet the half-wave condition. The optical setup is illustrated
in Figure 7, where an object “S” is placed before a QWP used to manipulate incident light
polarizations. The micrograph of the fabricated lens is shown in Figure 8b. We tested
the output light performance at the distances of 10 cm, 20 ¢cm, 30 cm, 40 cm and 50 cm
away from the lens using left-handed circularly polarized light, linearly polarized light and
right-handed circularly polarized light, respectively. As shown in Figure 8a, the figures
on the left side were captured under the condition of left-handed circularly polarized
input light. The size of object “S” became smaller as the distance between the lens and
the camera increased. The results for the right-handed circularly polarized input light are
the opposite. Since linearly polarized light can be seen as a superposition of left-handed
circularly polarized light and right-handed circularly polarized light, in the case of linear
polarization, the output light will diverge and converge at the same time, as shown in
the middle figures of Figure 8a. We can observe that the experimental results are in good
agreement with the theoretical results.
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Figure 7. Illustration of experiment setups for optical performance of fabricated FLC lens.

50 cm

Figure 8. (a) Experimental results of the light field captured at different positions away from the
FLC compound lens with left-handed circularly polarized incident light (left), linearly polarized
incident light (middle) and right-handed circularly polarized incident light (right). (b) Microscopic
photograph of the fabricated FLC lens.

4. Conclusions

In conclusion, we have demonstrated a DHFLC compound lens whose phase is an
integration of a PB lens and polarization grating. We used a single-step holographic
exposure setup based on an SLM as a polarization controller at the pixel level to realize
continuous LC orientation. The light field and intensity distributions for different distances
between the FLC lens and the camera were simulated under the input light of left-handed
and right-handed circular polarizations. The experiments were conducted under the
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same conditions, with good agreement with the simulation results. Furthermore, once
illuminated by a linearly polarized beam, the output light could propagate towards two
directions around the central axis possessing two opposite states, namely, convergent
and divergent. The DHFLC compound lenses provided a fast response time of 150 s at
2 V/um. These optical features make them suitable for applications in imaging, display,
beam manipulation and various optical setups that require a fast response.
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